ABSTRACT A model to explain the high degree of polymorphism at the major histocompatibility complex (MHC) is described. The model incorporates domain transfer between the different loci in a supergene family by either gene conversion or double unequal crossing-over. Population genetics theory is used to formulate changes in the probabilities of allelic and nonallelic gene identities and equilibrium values are obtained. The observed degree of allelic and nonallelic homology in the complex can be explained by assuming that a domain is converted at a rate of 10-5 to 10-6 per generation and reasonable values ofother parameters.
A supergene was originally defined as "a group of linked genes mechanically held together on a chromosome and usually held together as a unit" (1) . The major histocompatibility complexes (MHC) ofman and mouse are among the most thoroughly studied cases of such supergenes (2, 3) . An enigmatic observation on the MHC is that gene identity among the different loci in the complex region is only slightly lower than that among alleles; the gene homology among alleles is =90% in terms of amino acid identity and =85% among genes of different loci (between HLA-A and -B or H2-K and -D) (4) . Based on recent findings of domain transfer in evolution (5) (6) (7) (8) (9) (10) and of a large number of cross-hybridizing genomic clones in this region (11, 12) , I suggested that domain transfer between the loci in the MHHC, either by gene conversion or by double unequal crossing-over, is responsible for the observed gene homology (13) . The hypothesis is a revised form of the proposal of Bodmer (14) and Silver and Hood (15) , in which each marker region such as H2-K or HLA-A contains a cluster of many loci of which only one is expressed. In the new model, each marker region comprises a single copy, yet the total complex region contains a large number of related genes, including pseudogenes. Earlier, I pointed out that the population genetics theory of multigene families (16) is useful for predicting the degree of gene homology in a supergene family under various parameter values. However, my previous study (16) was based on the model ofunequal crossing-over of Smith (17) , using an approximate treatment, and does not give an explicit answer for the allelic and nonallelic gene homology of a multigene family. The model of gene conversion or double unequal crossing-over is simpler than the previous one of unequal crossing-over, because no shift of positions of loci on the chromosome occurs, merely transfer of gene segments from one locus to another. The purpose of this report is to clarify the relationship of allelic and nonallelic gene identity of a supergene family. The main difference between multigene and supergene families may be that the former consists of genes under the same control whereas the latter may include genes under different controls. The presence or absence of shifts of position of loci on the chromosome might reflect such a difference.
BASIC THEORY
Let us consider a randomly mating population of effective size N. A supergene family consists of n tandemly arranged homologous genes. and is evolving under gene conversion, recombination at meiosis, mutation, and random genetic drift.-In this section, intrachromosomal gene conversion is assumed to be solely responsible for the transfer of gene segments. For simplicity, it is assumed that each unit is converted at a constant rate by any one ofthe remaining (n -1) genes with equal likelihood. For details of some models of chromatid interaction that result in gene conversion, see Nagylaki and Petes (18) . These authors have shown that a small conversional advantage or disadvantage may have a large effect on the concerted evolution of repeated genes; however,' I assume here for simplicity no polarity ofconversion. Let A be the rate at which a gene is converted in one generation. See Fig. 1 for an illustration of conversion. The actual process ofconversion is likely to involve one piece (or even a part of a piece) of a split gene (5) (6) (7) (8) (9) (10) . In the analyses below, a smaller unit such as an amino acid or a nucleotide site is considered. Thus, A is the average rate at which the small unit is converted by the homologous unit of another locus belonging to the supergene family.
Recombination at meiosis is assumed always to be equal, and we let f3 be the rate per supergene family per generation. The infinite-allele model of Kimura and Crow (19) , in which all mutations are unique, not preexisting ones, is assumed, and we let v be the mutation rate per small unit (amino acid site or nucleotide site) per generation. As in my previous studies (16, 20) , the changes of probability of gene identity (identity coefficients) by the above processes are formulated, and the equilibrium values are obtained and examined.
Letf be the average probability of allelic identity, cl be the average identity probability of genes at different loci of the supergene family on one chromosome, and c2 be that oftwo genes taken from different loci oftwo homologous chromosomes ofthe population. Fig. 2 depicts these three identity coefficients. Note that, although the term "gene identity" is used, it usually means amino acid or nucleotide identity, and hereafter I use unit and gene interchangeably. It should also be noted that, because of the assumption that gene conversion occurs with equal likelihood between any two loci of the family, identity coefficients do not depend on the position of the chromosome when equilibrium is reached.
In the following analyses, I assume that the parameters, v, A, f3, and 1/N are <<< 1, so that their products can be ignored. Amut,dnitE(f) = -2vf + (1 (-f), [1] where Amut'drIftE) is the expected change by mutation and random genetic drift. By gene conversion with the rate A per unit, it changes by the amount AconvE(f) = 2A(c2 -f), [2] where A40nE( ) is the expected change by conversion. The formula is derived from the consideration.that, if one of the two units compared for identity is converted, thefvalue ofthis pair is the same as c2 before conversion. Thus, since equal interchromosomal recombination has no effect onf, the total change off in one generation is
Af -(2v + -+2A)f+ -2Ac2.
[3]
ing-over (equation 7 ofref. 20), since one cycle ofunequal crossing-over has roughly the same effect as one conversion. [5] The coefficient (3/3 is obtained by assuming that the point of recombination is uniformly distributed over the total region of n genes and taking the expectation of the probability that the two units of a chromosome come from different chromosomes after recombination. Next, c2 changes by gene conversion with the same coefficient as cl, but the proportion, a, of c2 comes from f.
AconvE(c2) = a(f -c2) .
[6]
The changes of c2 by other processes are the same as in the previous model (equations 5, 6 The changes of cl and c2 take almost the same form as the corresponding ones in the model of unequal crossing-over (20) .
Through gene conversion, cl changes according to the formula AconvE(cj) = a(l -cl), [4] where a = 2A/(n -1). This factor is the proportion among randomly chosen pairs from n units that are identical because one of them has been converted by the other. Note that a is used as a parameter in the same way as in the model ofunequal cross- figure 1 of ref. 21 ) takes place at the terminal points of the paired region and not at the middle point. This assumption is not realistic and, if it is assumed that crossing-over also occurs at the middle point and with probability equal to that at the terminal ones, the coefficient of y in equa- [10] where fo and fl, respectively, correspond to our f and c2 with n = 2. Also, P in the model ofunequal crossing-over is defined as the rate at which the two markers are recombined and corresponds to /3/3 of the present formulation. With the above revisions, the cycle model for two tandem genes becomes the same as the present model of gene conversion. When gene homology is studied by nucleotide identity, it is better to assume a finite number of allelic states (actually four) rather than an infinite number. Such a model is known as the K-allele model (22) , and it is easy to extend my analyses to this model. Let us assume that there are K allelic states and that any allele mutates to a specific one of the (K -1) remaining states at the rate v/(K -1), so that the total rate is v. By letting v* = Kv/(K -1), we can show that the changes of identity coefficients by mutation become (see ref. 22) AmutE(f) = -2v*f +2v
AmutE(cl) = -2v*cl +2K
and Amut E(c) = -2v*c2 + [11] Changes of identity coefficients by other processes are the same as in the infinite allele model, and the equilibrium solutions become of molecular evolution (23), a mutation rate (v) of 10-8 was assumed. Also, the effective population size of mammals was taken as 104-105 (23). The interchromosomal recombination rate was assumed to be iO-3 as between markers of the MHC (3, 12) . The number of genes (n) is 10, again as in the MHC (11, 12) . The parameter for which there is the least information is the conversion rate, and various values are assumed for it. Parameter values are A = 5 X 10-6, V = 10-8, n = 50, N = 5 X 104, and /3 = 10-3, unless otherwise specified in the table. With this particular set of parameter values, the allelic homology (f) is 0.918 and the nonallelic homology (cl c2 versa. For the other parameters, the higher the mutation rate and the larger the number of loci and population size, the lower the homology, as expected.
DISCUSSION
As shown by the present analysis, the observed allelic and nonallelic homology at the MHC may be explained by assuming that the gene conversion rate per domain is 10-6-10-5 and reasonable values of other parameters. Although gene conversion is assumed to be responsible for transfer of gene segments (domain), double unequal crossing-over has the same effect. Now what does this rate of domain transfer imply? It has long been recognized that the mutation rate is high in H-2 (24) . On the other hand, it has been found that a gene ofH-2 or HLA contains eight exons corresponding to protein domains (12) . If any one ofthe domains has achance ofconversion of 10-6-10-5, the total gene would have a chance of conversion eight times as high-i.e., 105-10-4. Since conversions would be classified as mutations in a skin grafting experiment, the above estimate of the rate ofdomain transfer is compatible with the observed high rate of mutation.
The real evolutionary process of a supergene, however, may notbe as simple as the model, and conversion may not take place randomly among gene members. Then, we would expect a more a na + 4v* +3) + Y[(na+-+2v*))(++2v*) +a(na +2v*)] Note that, when K -x 00, v* = v and Eqs. 12 reduce to Eqs. 8.
In Table 1 , some examples of equilibrium identity coefficients are given. Since our interest is amino acid or nucleotide identity at homologous sites of a supergene such as the MHC, the mutation rate is assumed to be very small. Under such an assumption, the identity coefficients are expected to be only slightly different between the infinite-allele and the K-allele models with K = 4, and the values ofTable 1 are computed by Eqs. 8 for the infinite-allele model. Based on recent knowledge complicated organization for a supergene.
As stated above, the model of gene conversion or double unequal crossing-over is simpler than that of the model of unequal crossing-over (16) , because no shift of positions of loci on the chromosome occurs. Therefore, the present theory is more exact than the previous one ofmultigene families. In particular, the relationship between allelic and nonallelic gene identity is ambiguous in the case ofthe multigene family. Only two identity coefficients, Cw,, and Cw2 corresponding to cl and c2, are formulated in the approximate analysis (16, 20) and, even in a more [12] Genetics: Ohta C2 = extend the analysis to a general model of the K allele. I also thank Drs. James F. Crow, Walter F. Bodmer, and Kenichi Aoki for carefully going over the manuscript and making many valuable suggestions to improve the presentation. This is contribution no. 1419 from the National Institute of Genetics, Mishima, Japan.
